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The resolution of the strong CP problem postulates a new dark matter candidate known
as the axion. Axions can couple with photons in the presence of a strong magnetic field.
Light shining through wall method (LSW) uses a lead wall inside a cavity with a strong
magnetic field to coupled axions with photons then detect axions when the axions cross the
lead wall and convert back to photons. The axion signal and thermal noise are simulated
and by comparing the simulated signals after they have been rectified and integrated, the
sensitivity of the planned experiment was determined.
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CHAPTER 1
INTRODUCTION

Approximately 100 years ago, people believed that the universe was made of just matter. However, astrophysicists were making puzzling observations on the motion of galaxies.
Based on the total matter that can be observed from telescopes, the motion of galaxies was
anomalous. In 1932, Jan Oort postulated dark matter as an explanation to this anomaly[1].
Over time, as people kept trying to find more evidence to prove the existence of dark matter, it is now a widely accepted idea that dark matter contributes most of the mass in the
universe.
Dark matter neither interacts with visible matter nor absorbs or emits photons, making
direct detection impossible with current methods. It is still one of the greatest mysteries
in the field of Modern Physics. In 1977, in order to resolve the strong charge parity (CP)
problem in Quantum Chromodynamics, the axion was postulated in the Peccei-Quinn Theory[2]. Since axions have very weak interactions with light or other matter, they can be
considered as a candidate for dark matter. What makes them compelling is that axions can
couple with photons. This feature provides the potential for direct detection of dark matter.
A new technique called ”Light shining through a wall”(known as LSW) was developed[3]. In an LSW experiment, a photon source is placed on one end of a cavity, sending
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out a strong electromagnetic(EM) pulse with a known frequency. The EM wave travels
to the lead walls which blocks the wave from going through. Because of the existence of
a strong polarized magnetic field inside the cavity, some of the photons will convert into
axions. The axions can then pass through the lead wall of the cavity. On the other side
of the lead wall, the axions interacts with the strong magnetic field and decay back into
photons with the same wavelength as the original photons emitted by the source. These
photons can then be detected by a detector, as seen in Figure 1.1.

Figure 1.1
Light shining through a wall

Several experiments using LSW techniques have been conducted including the LIPPSS
collaboration at Jefferson National Accelerator Facility and the GammeV collaboration at
2

Fermilab[4][5]. The Mississippi State University axion search team conducts the experiment at a very large wavelength of 0.7 m. It is the only one operating at this wavelength
among all the LSW experiments.
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CHAPTER 2
EXPERIMENTAL SETUP

Figure 2.1
Experimental configuration

The MASS experiment, consists of a 1.6m long steel cavity which is made of steel and
it is evacuated with a strong vaccum pump to an air pressure inside the cavity of 1mTorr.
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This pressure is measured by a Pasco micro pressure gauge inside the cavity. At one end
inside the cavity, a electromagnetic (EM) radio source operating at 100W produces EM
radiation with the wavelength of 0.7m. A dipole 1.4m long magnet coil was installed in
the cavity. Current with a magnitude of 10 Amperes generates about a 0.15 Tesla magnetic
field. There are also permanent magnets which generate an additional field of about 0.35
Tesla. These magnets provide the conditions for photons to convert into axions. A water
cooling system is also used in order to cool down the magnets. The cavity is divided
equally into two halves by a 1 inch thick lead block. There are total of 3 antennas. The first
antenna is used to measure the dynamic output of the EM source. The second antenna was
installed at the dark end of the cavity to detect the photons converted back from axions.
The third antenna was installed outside of the cavity to measure the cosmic background
noise, see Figure 2.1. The data acquisition(DAQ) collecting data from antennas operates
at about 1kHz. At this frequency, less than 2 Tera Bytes storage is produced during the
entire 12 month long data collection period, an external hard drive was used to save all the
data[6].

5

Figure 2.2
Picture of the equipment
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CHAPTER 3
RESONANT FREQUENCY

After the cavity was built, it was necessary to find out the resonance frequency and
the Quality Factor (Q factor) because it is needed to caculate the cavity noise. With the
lead wall removed from the cavity, the source antenna was used to scan over a range of
frequencies from 400 - 450 Mhz. The receiving antenna converted the EM waves into
voltage signals. Fast Fourier Transform was applied to separate different signals and make
a power vs frequency data set. In order to determine the resonance frequency of the cavity, a
Lorenzian function was used to fit the transformed data. . In the fitting function, there were
three parameters defined: the first parameters (A) determines the amplitude; the second
parameter (f0 ) determines the center frequency; the third parameter (σ) determines the
width of the function.

( σ2 )2
Y =A×e
(x − f0 )2 + ( σ2 )2

(3.1)

The ROOT analysis package from European Organization for Nuclear Research (CERN)
was used to perform the fit[6]. The resonance frequency was found to be 413MHz after
fitting the Lorentzian function, see Figure 3.1.
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The quality factor is defined, as shown in 3.2, as the ratio of the central frequency to
the bandwidth.
Qf actor =

f0
bandwidth

(3.2)

The bandwidth was determined by measuring the width of the Lorentzian at an ampli-
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Figure 3.1
Lorentzian fit plot

Since there have been some new upgrades to the cavity, the inside structure of it is no
longer the same, which may change the Q factor. Thus these measurements need to be
repeated after the upgrades are completed.
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CHAPTER 4
DATA COLLECTION

During the experiment, an AC signal is emitted from the transmission antenna to the
lead wall. Inside the cavity, there is a very strong magnetic field. Under such conditions,
the emitted photons can couple with axions with a certain unknown probability. Because
the axions, which are characterized as dark matter, do not interact with visible matter,
they can pass through the lead wall while the uncoupled photons are blocked. After the
axions reach the other side of the wall, some of them convert back in a strong magnetic
field into photons with the same frequency as the original photons. The receiving antenna
then receives these photons and transforms them into electrical signals. The electrical
signal needs to be processed by a data acquisition system (DAQ) before it is recorded by a
computer for analysis.
Both the signal from the receiving antenna and the signal from the transmission antenna
are sent to a rectifier. The rectifier outputs the absolute value of the input signals. The
rectified signals are sent to an integrator. Because the probability of photon-axion coupling
is quite small, it is essential to run the experiment for a long time in order to get enough
data to analyze. If all data collected by the receiving antenna for a time period of 1 year
is stored, the size of the storage needed is enormous. It will require a huge storage disk
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which will exceed the experiment’s budget. So in order to overcome this issue, the rectified
signals are integrated over every 1ms, thus reducing the data to a much smaller size. At the
end of each 1ms period, the integrator resets to 0. After the signals have been integrated, the
computer records the value of the full integrated voltages at the end of the 1ms integration
period. Then the integrated signals from the transmission antenna and receiving antenna
are sent to a gated difference amplifier where they are subtracted from each other and the
result is amplified by a factor of 10. The output from the amplifier is stored on a hard drive,
completing the data collection cycle.

Figure 4.1
Main electronics
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CHAPTER 5
MONTE CARLO SIMULATION

The experiment has several sources of noise, such as thermal noise, linear ramp, and
black body noise associated with the components of the experiment. If the noise can not
be suppressed, results of the experiment will be inconclusive. This is because a signal
showing the existence of axions may not come from photon-axion coupling, but rather the
signal could be a result of random noise. Therefore, the Monte Carlo simulation was used
to simulate the whole data collection process. The simulated data will be processed along
with the real data from the experiment. Later, both data sets will be compared.
The Monte Carlo simulation begins by generating an alternating voltage with the same
amplitude and frequency as the transmission antenna. Experimental data from the transmission antenna is used to validate the simulated voltage. According to the most recent
measurement, the source signal, see Figure 5.1 is a sine wave with the frequency at 335
MHz, which is given in the form

Signal(t) = Vmax × sin(ωt)

(5.1)

where Vmax is the peak voltage which is 77.5 V , and ω is the angular frequency of
2.105 × 109 rad/s.
11

Figure 5.1
Simulated AC voltage from transmitting antenna

The next step was to simulate thermal noise known as Johnson-Nyquist noise, generated by the electronics components of the equipment. The thermal noise has a MaxwellBoltzmann distribution. The mean is located at

√

4kB Rf0 , where kB is the Boltzman Con-

stant, R is the impedance of the transmission antenna and f0 is the frequency of the source
voltage. In the simulation a random number was picked out from the Maxwell-Boltzmann
distribution defined by a parameter σ given by

r

σ=

π
kB Rf0
2

(5.2)

and then this number was assigned as the amplitude of the voltage at the time dt.
Figure 5.2 shows output for a Mathematica generated thermal noise signal[7], using an
12

impedance R of 50 ohms, a data point resolution in time dt of 0.1 ns, and source voltage
frequency f0 of 400 Mhz.

Figure 5.2
Thermal Noise

Finally, the axion signal is simulated using a Poisson Distrubution. Mean µ of the distribution is dependent on the probability that an axion may be created from 1 photon.This
mean value is given by
µ=P

P0 dt
hf0

(5.3)

where P0 is the full emitter power which is 120 Watt, P is the axion production probability
which is unknown but small (set to 10−18 for the following discussion) and h is Plank’s
Constant.
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The justification for Eq. 5.3 is as follows. P0 multiplied by dt gives the energy in the
cavity during a time interval dt, and dividing by hf0 gives the number of photons in the
cavity in the interval dt. Then multiplying the number of photons by the probability P gives
the mean number of axions that can be produced in the time interval dt. These axions will
convert back into photons after passing through the lead wall. Each photon produces a
√
voltage signal of f0 hR , so we obtain the total axion signal by multiply the number of
axions with the voltage per photon. Since, the converted photon has the same frequency
of the source photon, a sin(ωt) term is added to the multiplication, thus providing the
simulated axion signal. Figure 5.3 shows the output for a Mathematica generated axion
signal.

Figure 5.3
Simulated pure axion signal
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It is impossible to prevent a fraction of the incident photons from passing through or
around the lead wall, hence there is a reduced fraction of the original signal that is picked
up by the receiving antenna. In the simulation we scale the reduced (leakage) signal to
its original generated value. The simulated axion signal, the simulated noise signal, and
the simulated leakage signal are added to produce the full generated signal. The Absolute
value function in Mathematica was used to simulate the function of the rectifier in the data
acquisition. The simulated rectified signal is shown in Figure 5.4.

Figure 5.4
Rectified Signal
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A copy of the original generated signal was also rectified. Both signals were then
integrated and finally subtracted to obtain the simulated combination of the axion and
noise signals. Figure 5.5 shows the final simulated output signal.

Figure 5.5
Integrated simulated output signal
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CHAPTER 6
DATA ANALYSIS

As the output signal combines the axion signal with the noise, it is important to distinguish the axion signal from random noise. The simulated pure noise is rectified and
integrated as shown in Figure 6.1.

Figure 6.1
Integrated Pure Noise
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From the plot of the integrated pure noise, we can see the integral of the noise has a
maximum of 0.3 volts. Thus in this case, we can set up a noise cut floor. If the real output
data has any data point wihch is greater than 0.3 volts, it could be a candidate axion signal.
When the axion signal is simulated, the amplitude of the signal depends on the probability of the photon-axion coupling; therefore, the magnitude of the integrated pure axion
signal is also dependent on this probability. Several probabilities have been tried. It was
determined that with a minimum probability of 10−14 the plot of the combined signal has
an obvious increase in amplitude over the integral of the pure noise. See Figure 6.2.

Figure 6.2
Integrated Combined signal 1
The probability of the axion signal is set at 10−14 .
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When the probablity is set smaller than 10−14 the simulated axion signal cannot be
distinguished from the simulated noise. This means the integral of the pure axion signal is
much weaker than the 0.3 volts of the noise cut floor. See Figure 6.3.

Figure 6.3
Integrated Combined signal 2
The probability of the axion signal is set at 10−15 .
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CHAPTER 7
CONCLUSIONS

From the above analysis we have found that our experiment will not be able to record
an axion signal if the axion-photon coupling probability is less than 10−14 . When the actual
experiment starts to run, if we do not see the expected result, the probability of the coupling
should be smaller than 10−14 . Then, it is necessary to find other techniques to amplify the
weaker axion signal and eliminate as much noise as possible.
Also, the cavity resonant frequency and quality factor were measured and analyzed
successfully with the current setup. The resonant frequency is locating at the expected
spectral range from 400 - 450 Mhz. The result of Q factor will be further evaluated after
the cavity noise is simulated as the magnitude of the cavity noise is strongly related to the
cavity Q factor.
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CHAPTER 8
FUTURE WORK

This experiment demonstrates a way of finding the axion by the method of light shining
through the wall (LSW) method; however there are still many parts of the experimental
design which need to be completed before the real experiment starts to run.
First, there are more kinds of noise which need to be simulated including the blackbody
radiation generated by the cavity, the linear ramp caused by the charge polarization and the
cosmic noise from the environment. These additional sources of noise are also going to
change the possibility of finding the axion signal. Currently, the axion signal is still too
weak relative to the noise. In the future, it will be very important to amplify the axion
signal while also eliminating noise as much as possible. In this way, the probablity can be
narrowed down to a smaller number, and it will be more likely to have axion signals when
the experiment is running.
For future data analysis,Katydid[8], which is a very modular package that already has
95 percent of what the data analysis process coded in, needs to be installed on the cluster
of the High-performance computing center (HPC). This package has a stronger ability
to process the data faster, which is important because the experiment will generate large
amounts of data.
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On the other hand, in order to improve the chances to find axion-like particles in the
experiment, better noise isolation methods should be tested. Hopefully, future work would
include changing the location of experiment to another place, because the Physics Department building has a huge antenna on the roof which may cause significant electromagnetic
noise which influence on the data set. In the cavity, the permanent magnets do not have
very strong attachment stability. When the electromagnet is powered up, the generated
magnetic field will interact with the permanent magnets’ field. Because the magnets were
glued on the stick bars, the strong field interaction may cause some of the magnets to fall
out and this will change the field and also may cause some noise. By eliminating as much
noise source as possible , we can better improve the credibility of the result showing the
event of axion conversion.
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